Purpose: Local recurrence is the most common cause of failure in retroperitoneal soft tissue sarcoma patients after surgical resection. Postoperative radiotherapy (PORT) is infrequently used due to its high complication risk. We investigated the efficacy of PORT using modern techniques in patients with retroperitoneal soft tissue sarcoma. Materials and Methods: Eighty patients, who underwent surgical resection for non-metastatic primary retroperitoneal soft tissue sarcoma at the Yonsei Cancer Center between 1994 and 2015, were retrospectively reviewed. Thirty-eight (47.5%) patients received PORT: three-dimensional conformal radiotherapy in 29 and intensity-modulated radiotherapy in nine patients. Local failure-free survival (LFFS), overall survival (OS), and RT-related toxicities were investigated. Results: Median follow-up was 37.1 months (range, 5.8-207.9). Treatment failure occurred in 47 (58.8%) patients including local recurrence in 33 (41.3%), distant metastasis in eight (10%), and both occurred in six (7.5%) patients. The 2-year and 5-year LFFS rates were 63.9% and 47.9%, respectively. The 2-year and 5-year OS rates were 87.5% and 71.1%. The 5-year LFFS rate was significantly higher in PORT group than in no-PORT group (74.2% vs. 24.3%, p<0.001). In multivariate analysis, PORT was the only independent prognostic factor for LFFS. However, there was no significant correlation between RT dose and LFFS. OS showed no significant difference between the two groups. Grade ≤2 acute toxicities were observed in 63% of patients, but no acute toxicity ≥ grade 3 was observed. Conclusion: PORT using modern technique markedly reduced local recurrence in retroperitoneal sarcoma patients, with low toxicity. The optimal RT technique, in terms of RT dose and target volume, should be further investigated.
INTRODUCTION
Retroperitoneal soft tissue sarcomas are relatively uncommon, accounting for 10-15% of all soft tissue sarcomas and 30% of all malignant retroperitoneal tumors. 1 Surgical resection is the standard curative treatment for patients with localized disease. However, retroperitoneal sarcoma is often diagnosed in the advanced stage, as it is frequently asymptomatic. Moreover, it makes complete excision difficult. Complete resection with negative margins is essential to increase survival, even if resection of adjacent organs cannot be avoided. [2] [3] [4] The rate of complete resection ranges from 41.8% to 76%. [4] [5] [6] Even after complete resection, local recurrence remains the most common cause of failure and is ultimately fatal, with a mortality rate of 20-75%. 7 To improve local control as well as survival, several neoadjuvant or adjuvant treatments have been investigated. The ra-
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tionale for applying perioperative radiotherapy (RT) in addition to surgery comes from small randomized controlled trials and several retrospective studies that provide evidence for improved local control with RT in soft tissue sarcoma without affecting survival. 8, 9 Postoperative RT (PORT) is clinically used infrequently, since it has higher complication rate compared to preoperative RT. 10 However, RT techniques used in previous studies were relatively old-fashioned, mostly composed of two-dimensional techniques using anterioposterior (AP)/ posterioanterior (PA) beams. Currently, three-dimensionalconformal RT (3D-CRT) and intensity-modulated RT (IMRT) are used, which facilitate normal organ sparing. It is necessary to reexamine the role of PORT in the modern era, where more sophisticated techniques and conformal treatment planning are possible. In this study, we investigated the efficacy of PORT using modern techniques in patients with retroperitoneal soft tissue sarcoma.
MATERIALS AND METHODS

Patient characteristics
One hundred patients, who underwent surgical resection for primary retroperitoneal soft tissue sarcoma between 1994 and 2015 at Yonsei Cancer Center, were retrospectively reviewed. We included only patients who were treated after 1994, as 3D-CRT has been employed since 1994 at our institution. Twenty patients were excluded from this analysis due to initial stage IV (11 patients), no follow-up after surgery (six patients), or double primary malignancy (three patients). Finally, a total of 80 patients were included in our analysis, and their demographic characteristics, clinicopathological parameters, and treatment variables were obtained from electronic medical records.
Pre and postoperative imaging studies included computed tomography (CT) and/or magnetic resonance imaging (MRI). Tumor staging was performed in accordance with the seventh edition of American Joint Committee on Cancer staging system for soft tissue sarcoma. Histopathologic subtypes were subdivided into leiomyosarcoma, liposarcoma, undifferentiated pleomorphic sarcoma, and others, due to the small number of other rare sarcoma subtypes. Histologic grading was performed according to Fédération Nationale des Centres de Lutte Contre le Cancer (FNCLCC) grading system. Tumor size was defined as the maximum dimension on cross-sectional imaging for a solitary mass, and as the sum of all maximum dimensions for more than one mass. This study was approved by Institutional Review Board of Yonsei University Health System (IRB-4-2017-1060). Patients' records/information were anonymized and de-identified prior to analysis, and informed consent was not obtained from each participant.
Treatment
All patients underwent surgical resection as initial treatment.
Surgical resection was intended to achieve a negative margin, even if resection of adjacent organs was needed. Surgical margins were categorized as R0 (histologically negative margin), R1 (macroscopically negative, but microscopically positive margin), and R2 (macroscopically positive margin).
PORT was performed in 38 patients (47.5%) using 3D-CRT in 29 patients and IMRT in 9 patients, with a conventional fractionation schedule (1.8-2.6 Gy per fraction, once per day, 5 days per week). IMRT was delivered with helical TomoTherapy (Tomotherapy, Inc., Madison, WI, USA) or Volumetric Arc-Therapy. Tumor bed was delineated using MRI or CT fusion on either MIM software (MIM Software, Cleveland, OH, USA) or Pinnacle Radiotherapy Planning System (Phillips Medical System, Andover, MA, USA). CT simulation and reproducible patient immobilization were essential. A four-dimensional CT (4D-CT) scan was acquired for the assessment of respiratory movement.
Clinical target volume (CTV) was determined by allowing a margin of at least 2 cm to tumor bed, considering the postoperative anatomic change individually. We did not take into account preoperative tumor volume. Internal target volume (ITV) was delineated, taking account of respiratory movement if 4D-CT was used. Planning target volume included CTV or ITV, plus a 3 to 5-mm margin. Cone-down was performed in 3D-CRT planning, and final target volume at the time of conedown was defined as tumor bed plus a 0.5-cm margin. In IMRT planning, simultaneous integrated boost (SIB) technique was used instead of cone-down. Radiation dose for initial target volume was considered to be 45 Gy for microscopic tumor control, which could be lowered individually considering normal tissue tolerance dose. Using either cone-down for 3D-CRT or SIB technique for IMRT, the total dose of radiation was approximately 54 Gy. Intended prescribed radiation dose was 60 Gy or more, in the case of R1 or R2 resection. The most frequent dose-limiting organ was small bowel, especially duodenum, which was restricted to ≤45 Gy. We were not concerned about the dose to kidney near tumor bed, if patients had another healthy kidney or if kidney was removed during surgical resection. RT plan was designed to be as conformal as possible, using multiple beam ports in 3D-CRT and intensity modulation in IMRT. Examples of RT plans at our institution are shown in Fig. 1 .
Adjuvant chemotherapy was administered to 23 patients (28.8%), depending on the clinician's discretion. All patients who were treated after year 2000 were administered doxorubicin/ifosfamide, while three patients who were treated before 2000 received other regimens. The use of adjuvant chemotherapy was slightly higher in no-PORT group than in PORT group, without statistical significance (21.1%, PORT and 35.7%, no-PORT; p=0.230).
Follow-up
All patients were examined weekly during RT to monitor treat-ment-related toxicity and general condition. Imaging studies were conducted at 1 and 3 months after completion of the planned treatment. If there was no evidence of recurrence for 1 year, patients were followed at 6-month intervals for the next 2 years and annually thereafter. Treatment-related toxicities were recorded according to Common Toxicity Criteria for Adverse Events (version 4.0). Recurrences were defined as either histologic confirmation of disease recurrence or, if pathological confirmation was not performed, conclusive imaging demonstrating recurrence. Local failure, defined as recurrence in retroperitoneal space, was divided into infield and outfield recurrence, depending on the location of tumor in relation to RT target volume. Distant metastasis was defined as tumor recurrence outside of retroperitoneal space (i.e., chest, abdomen, peritoneum, brain, and elsewhere). 
Statistical analysis
The primary endpoint was local failure-free survival (LFFS), and secondary endpoints were overall survival (OS) and RTrelated toxicities. Survival duration was calculated from the date of diagnosis to corresponding event (local failure or death). Local failure was classified based on the location of recurrent tumor: infield in event of tumor recurrence within RT target volume, marginal in event of recurrence inside initial target volume, but outside of cone-down volume, and outfield in event of recurrence outside RT target volume. We performed Pearson's chisquare test or Fisher's exact test, as appropriate, for categorical variables, and independent t-tests for continuous variables to evaluate differences between the two groups (PORT and no-PORT). Kaplan-Meier method with log-rank test and Cox regression were used to analyze survival outcomes between groups.
Stepwise Cox proportional hazards regression was used to perform multivariable analysis on prognostic factors for LFFS and OS (inclusion criteria p<0.05, exclusion criteria p>0.1). All statistical tests were two-sided with significance defined as p<0.05. Data were analyzed using IBM SPSS software version 20.0 (IBM Corp., Armonk, NY, USA).
RESULTS
Patient and treatment characteristics
Patient and tumor characteristics are shown in Table 1 . Patients' ages ranged from 20 to 81 years, with a median age of 55 years. The most common histologic subtype was liposarcoma (52.5%), followed by leiomyosarcoma (22.5%), undifferentiated pleomorphic sarcoma (11.2%), and others (13.8%). Median tumor size was 13 cm (range, 2.7-40 cm). FNCLCC grade was reported in 52 patients (65%), with grade 1 in 17 patients (21.3%), grade 2 in 18 patients (22.4%), and grade 3 in 17 patients (21.3%). Surgical resection margin was R0 in 45 patients (56.2%), R1 in 24 patients (30%), and R2 in 11 patients (13.8%). After comparing the two groups (PORT vs. no-PORT), we found no significant differences in patient characteristics, although resection margin showed a marginal difference: rate of R1 or R2 resection was higher in PORT group (p=0.053). There were more patients with FNCLCC grade 2 or 3 included in PORT group than in no-PORT group, but this was not significant (50% vs. 38%, p= 0.432).
PORT was delivered with a median dose of 54 Gy (range, 36.0-66.9 Gy) at a median 1.8 Gy per fraction (range, 1.8-2.6 Gy). Radiation dose tended to be higher in patients with R1 or R2 resection than in those with R0 resection (Table 2) . In PORT group, 57.1% of patients with R2 resection received >59.4 Gy of radiation, while half of the patients with R0 or R1 resection received <50.4 Gy of radiation. Median doses of the two RT techniques were the same (54 Gy), with a range of 36.0-66.0 Gy for 3D-CRT and 45.0-66.9 Gy for IMRT.
Local control and survival outcomes
Median follow-up was 37.1 months (range, 2.5-207.9 months) for the entire cohort. The 2-year and 5-year LFFS rates were (Fig. 2B ). There was no significant prognostic factor for OS in multivariate analysis. In particular, the use of chemotherapy was not beneficial in our analysis.
Patterns of failure
Treatment failure occurred in 47 (58.8%) of 80 patients. The most common pattern of failure was local recurrence. Local recurrence occurred in 33 patients (41.3%), distant metastasis in eight patients (10%), and both in six patients (7.5%). Lung was the predominant site of distant metastasis, which was observed in six patients, followed by peritoneal seeding in three patients and liver metastasis in two patients. The patterns of failure by resection margin are summarized in Fig. 3 . Patients who did not receive PORT, despite R1 or R2 resection, experienced more recurrences compared to those treated with PORT: 78% versus 47% in patients with R1 resection and 100% versus 67% in those with R2 resection for no-PORT and PORT groups, respectively. In regard to local recurrence, the difference became more apparent across all resection margin statuses. Local recurrence occurred in 55% of no-PORT group and 32% of PORT group in R0 patients, and 78% of no-PORT group and 27% of PORT group in R1 patients. All R2 patients who did not receive PORT had local recurrence, while 43% of PORT group had local recurrence.
Of the 12 patients who experienced local recurrence after PORT, eight had infield recurrence, two had marginal recurrence, and two had outfield recurrence. There was no significant correlation between resection margin status and the pattern of local recurrence; infield recurrence occurred in three patients, each whom achieved R0 and R1 resection and two patients who achieved R2 resection; marginal recurrence occurred in one patient, each of whom achieved R0 and R2 resection; and outfield recurrence occurred in one patient, each of whom achieved R0 and R1 resection. We also analyzed whether radiation dose was related to recurrence pattern. Median radiation dose was 45 Gy (range, 45-57 Gy) in patients with infield recurrence, while it was 50.4 Gy and 65 Gy for the two patients with marginal recurrence and 54 Gy and 59.4 Gy for the two patients with outfield recurrence.
Acute and late toxicities
Radiation-related acute toxicities were observed in 24 of 38 patients who received PORT (63%). Grade ≤2 enteritis and anorexia were observed in 13 patients and seven patients, respectively. Four patients experienced grade ≤2 nausea/vomiting, but there was no acute toxicity ≥grade 3 observed. In regard to late complications, there were only two patients who had late com- plication. One patient who received 65 Gy in 25 fractions to residual tumor mass at right psoas muscle experienced neuropathy extending to right leg, although residual tumor was wellcontrolled until the last follow-up (over 9 years). In another patient who had neuropathy with right leg tingling sensation, it was difficult to distinguish radiation toxicity from surgical morbidity since it occurred after surgical resection and persisted.
DISCUSSION
We found that PORT significantly improved LFFS in patients who received surgical resection for retroperitoneal soft tissue sarcoma. The benefit was more prominent in patients with R1 and R2 resection, but PORT significantly improved local tumor control even in patients with R0 resection. Moreover, there were no RT-related toxicities ≥grade 3. Using modern RT techniques, including 3D-CRT and IMRT, we could perform PORT safely without increasing complications. The effects of PORT on local control have been demonstrated in three prospective studies conducted in extremity sarcomas, which are the most common type of soft tissue sarcoma. 8, 9, 11 However, there has been no prospective study investigating the effect of PORT in retroperitoneal soft tissue sarcomas, so it is still subject to debate. Through several retrospective studies, the role of preoperative and postoperative RT has been investigated. 5, 7, [12] [13] [14] [15] Sampath, et al. 13 reported the results from a multiinstitutional study of 251 patients, which revealed a significant improvement in LFFS in PORT arm over surgery alone; the 5-year LFFS was 64% in no-RT group and 79% in RT group. Another retrospective study from Scandinavian Sarcoma Group demonstrated a statistically significant difference in 5-year LRFS between RT group (77%) and no-RT group (39%) (p< 0.001). 16 Our finding that RT acts as a significant prognostic factor for local control concurs with the findings of these previous studies. In our study, the 5-year LFFS was 74% in PORT group and 24% in no-PORT group (p=0.001), and PORT was the strongest prognostic factor for LFFS in multivariate analysis, overtaking both FNCLCC grade and tumor stage. On the contrary, Choi, et al. 17 showed that PORT had no benefit on diseasespecific survival, based on analysis of a relatively large number of patients using propensity-scoring matching from Surveillance, Epidemiology, and End Results (SEER) database. However, this study included patients who had been treated with older techniques and lacked details about surgical margin, pathological risk factors, and RT technique.
Although PORT significantly improved LFFS, the benefit did not lead to improved OS in our study. In case of local recurrence, which was the most common cause of failure, salvage treatment was actively performed, this may have diluted the difference in OS. Of the 33 patients who had only local recurrence, 24 had not undergone PORT. Of these, 10 patients underwent surgery followed by PORT as salvage treatment and only two died after 5 and 42 months, with the 5-year OS rate of 67.5%. Moreover, five patients received salvage RT without surgery, of whom only one died after 13 months and others were alive until last follow-up at 12, 62, 71, and 108 months. This suggests that salvage surgery followed by PORT could be an effective treatment even if relapsed.
The optimal timing of RT remains a controversy. The ratio- nale for preoperative radiation is that treatment volume is less extensive than with PORT, as only clinically and radiographically demonstrated tumor is included in target volume, and tumor often displaces bowel out of radiation field, so as to allow a lower dose to the normal tissue. 18, 19 Moreover, resection could also be less extensive than if surgery was performed after RT. However, we have to consider that radiation beam arrangement prior to the development of 3D-CRT consisted of AP/PA beam, such that PORT contained a relatively large amount of bowel in RT field compared to preoperative RT. Current technologies overcome this disadvantage and give a higher dose to target volume. One advantage of PORT is that the pathologist has an intact tumor specimen for determination of histologic grade and type, which will allow the clinical team to better determine the proper postoperative treatment. Additionally, there is no delay of surgery, which can be an emotional advantage for some patients. Several studies have investigated whether preoperative or postoperative RT provides better outcomes. [20] [21] [22] [23] [24] Zlotecki, et al. 24 suggested that preoperative RT may be preferred, with similar clinical outcomes and less risk of complications than PORT. However, this study has several limitations; most patients were treated before 1990, when CTbased treatment planning became standard, and patients who received preoperative RT were primarily seen after 1994. On the contrary, the largest study of a nationwide clinical oncology database revealed that perioperative RT, whether preoperative or postoperative, was associated with improved OS compared with surgery alone. 25 It is hard to conclude whether preoperative and postoperative RT is preferable based on previous studies, as they are all retrospective studies including a relatively small number of patients and show conflicting results. The ongoing randomized European Organization for Research and Treatment of Cancer trial investigating 50.4 Gy of preoperative RT and surgery versus surgery alone for retroperitoneal sarcoma may provide additional insight into this issue (EORTC 62092-22092; STRASS trial; NCT01344018).
In practice, many clinicians dislike the use of PORT due to its higher complication rate compared with preoperative RT. Overall, the rate of acute PORT-induced enteritis is reported to be 30-80%, and grade 3 or 4 enteritis is present in approximately 6-80% of patients. 24, 26 However, most studies do not reflect the latest advances in RT technique, since they include a large number of patients treated before 3D-CRT was commonly used. In our study, acute toxicities were reported in 63% of patients, but no grade ≥3 toxicities were observed. Late toxicity was observed in only one patient who received high dose (>65 Gy) of radiation. A study from M.D. Anderson Cancer Center, which investigated 121 patients treated between 1965 and 2012, reported a 10-year actuarial complication rate of 5%, and all complications occurred in patients treated between 1965 and 1985. 10 Although most studies have shown that RT is helpful for local tumor control, there is a lack of consensus on the optimal radiation dose and target volume. Most institutions treat patients individually according to their institutional protocols. The postoperative radiation dose reported in previous studies is approximately 45-55 Gy. 15, 16, 26 According to the treatment guideline for preoperative RT for retroperitoneal sarcoma published in 2015, 27 50 Gy is recommended as a reasonable dose based on panel discussion, due to lack of data. However, there is no consensus guideline on an optimal radiation dose for PORT. Some small retrospective studies have investigated an optimal radiation dose. Fein, et al. 28 recommended a radiation dose ≥55.2 Gy, based on the higher local recurrence rate in patients receiving radiation <55.2 Gy. On the other hand, Ballo, et al. 29 reported that a higher dose of radiation (>60 Gy) increased toxicities, but not local control. In our study, it was difficult to draw a solid conclusion about the optimal radiation dose, due to the small number of patients included. Our results suggest that a radiation dose >45 Gy is necessary to achieve local control, considering that most of the infield recurrences occurred in patients who received ≤45 Gy to tumor bed, even in R0 patients, while patients who received radiation >45 Gy had marginal or outfield recurrences only. Among nine patients who received PORT for R2 resection, five received ≤54 Gy and four received ≥65 Gy. Four of the five patients who received ≤54 Gy had local recurrence (infield in three patients, marginal recurrence in one patient), while only one marginal recurrence occurred among those who received ≥65 Gy. For those who received ≥65 Gy, no grade ≥3 toxicities were observed, and only one patient experienced neuropathy as late complication, without any tumor recurrence. This may suggest that a radiation dose ≥65 Gy is necessary for patients with R2 resection. To clarify the optimal dose, further well-designed large studies are needed.
This study has several limitations driven from its retrospective nature. First, there are inherent selection biases, as with any retrospective study. Second, the number of patients included in this study was relatively small due to the low incidence of retroperitoneal soft tissue sarcoma, and the treatment spanned several decades, which can affect the outcomes. However, our study's strength is the exclusive inclusion of patients with primary retroperitoneal sarcoma treated with surgical resection and RT using a modern technique as primary treatment in a single institution.
In conclusion, PORT markedly reduced local recurrence in retroperitoneal sarcoma patients. We suggest that PORT can be a safe treatment option in surgically resected retroperitoneal sarcoma patients without increasing toxicity, if a conformal and safe treatment plan is performed using modern RT techniques. The optimal RT technique in terms of timing, dose, and target volume should be further investigated.
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